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Photonic integrated circuit (PIC) phased arrays can be an enabling technology for a broad range of applica-
tions including free-space laser communications on compact moving platforms. However, scaling PIC phased
arrays to a large number of array elements is limited by the large size and high power consumption of individual
phase shifters used for beam steering. In this paper, we demonstrate silicon PIC phased array beam steering
based on thermally tuned ultracompact microring resonator phase shifters with a radius of a few microns. These
resonators integrated with micro-heaters are designed to be strongly coupled to an external waveguide, thereby
providing a large and adjustable phase shift with a small residual amplitude modulation while consuming an
average power of 0.4 mW. We also introduce characterization techniques for the calibration of resonator phase
shifters in the phased array. With such compact phase shifters and our calibration techniques, we demonstrate
beam steering with a 1x8 PIC phased array. The small size of these resonator phase shifters will enable low-
power and ultra-large scale PIC phased arrays for long distance laser communication systems.
INTRODUCTION
Next generation compact space and aerial moving plat-
forms will highly rely on free-space laser communication sys-
tems deploying photonic integrated circuit (PIC) technology.
A key enabling PIC component in this regard is an integrated
optical phased array [1, 2], which has also found numerous ap-
plications ranging from chip scale light detection and ranging
(LiDAR) [3, 4] to beam shaping [5]. State-of-the-art silicon
photonics has particularly distinguished itself among other
PIC platforms as a scalable means for reliably manufacturing
phased-arrays and integrating them within modern technolo-
gies. Numerous silicon PIC design variations have been intro-
duced to increase the performance of phased-arrays by imple-
menting arrays with a larger number of elements [2, 6, 7], a
wider beam steering range [8–11], and narrower beams in the
far field [12–15].
Despite many advances, one main limitation that prevents
further scaling of PIC phased arrays is the size and power con-
sumption of phase shifters. In particular, phase shifters which
are typically waveguide-based and use the thermo-optic effect
for phase shifting have a length scale of a millimeter, and a
power consumption of several to tens of milliwatts [10, 13–
15]. A waveguide-based phase shifter can be reduced to the
micron scale, but at the expense of much higher electric power
consumption, e.g. near ten milliwatts per phase shifter [2].
Alternative phase shifting approaches, including one based
on light-recycling waveguides [16] and thermo-optic effects,
have shown to dramatically reduce power consumption to a
few milliwatts, though this level of power is still high and the
phase shifter size is of the order of several hundreds of mi-
crons. To circumvent the issue of large power consumption,
free-carrier based waveguide phase shifters have been demon-
strated [4] as an alternative to thermo-optic phase shifters with
record microwatt scale electric power consumption. However,
their large length still hinders scalability. Other waveguide
phase shifter approaches include those based on the heteroge-
neous integration of indium phosphide on silicon [17] which
provides a relatively compact and low power alternative, but
is still too large to address the issue of scalability. The latter
is particularly relevant in two-dimensional phased array de-
vices wherein each radiating element needs to have its own
individual phase shifter, hence the need for further alternative
optical phase shifters that simultaneously provide low power
consumption and a smaller size to enable scalable phased ar-
rays.
Here, we propose and implement silicon PIC phased arrays
that rely on ultra compact ring resonators as phase shifters.
High quality factor (Q) silicon microring resonators with a ra-
dius within a few microns can provide compact phase shifters
given that they can exhibit strong phase accumulation due to
the large amount of round-trips experienced by light in the res-
onator near the resonant frequency. Resonator phase shifters
have been demonstrated in silicon nitride integrated photon-
ics [18], where they occupy a larger footprint and consume
larger powers. Electric tuning of our small footprint silicon
resonators via thermo-optics, as demonstrated here, or free-
carrier modulation [19] can induce large phase shifts with low
power consumption. We design these resonator phase shifters
to be strongly coupled to their external coupling waveguide
in order to reduce any residual amplitude distortion near reso-
nance. Our approach allows us to produce a device where each
emitting unit cell of the array, which includes a radiating ele-
ment and its corresponding phase shifter, occupies an area of
15×20 µm2 and consumes an average power 0.4 mW. We also
introduce characterization procedures for these individual ra-
diating phased elements based both on near-field and far-field
imaging of the array. Using these resonator phase shifters, we
demonstrate beam steering with a 1x8 phased array.
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An illustration of a unit cell element of our PIC phased ar-
ray is depicted in Fig. 1(a) which includes a waveguide cou-
pled to an optical resonator phase shifter placed under a re-
sistive heater for phase tuning. The waveguide is then routed
to an optical nanoantenna which emits the optical field into
free-space.
FIG. 1. Design of the phased array unit cell. (a) Three-dimensional
representation of the PIC phased array unit cell where a silicon
waveguide is coupled to a resonator tuned by a resistive heater. The
resonator’s output is then emitted into free-space with an optical
nanoantenna. (b) Amplitude and (c) phase of the resonator transmis-
sion spectrum associated with three different waveguide-resonator
coupling regimes attributed to over-coupled (Qc = 0.5Q0) and under-
coupled (Qc = 2Q0), as well as strongly over-coupled (Qc = 0.1Q0)
resonators. (d) Simulated far-field radiation pattern associated with
the antenna design.
A resonator’s ability to impart large phase shifts with min-
imal amplitude distortion is highly dependent on its coupling
to an external waveguide. This can be analyzed through the
coupled-mode theory of waveguide-resonator coupling, ac-
cording to which [20], the transmission of a resonator can be
described by Eq. (1)
T =
j2(ω − ω0)/ω0 + 1/Q0 − 1/Qc
j2(ω − ω0)/ω0 + 1/Q0 + 1/Qc , (1)
where ω and ω0 are the laser frequency and the resonator’s
resonant frequency, respectively, Q0 is the intrinsic quality
factor of the resonator, and Qc is the coupling quality factor
between the resonator and the waveguide. The shape of this
transmission curve consists of a Lorentzian with a full width
at half maximum (FWHM) given by the loaded Q of the res-
onator QL such that Q−1L = Q
−1
0 + Q
−1
c . To provide a sub-
stantial phase shift with small amplitude distortion, the PIC
resonators must be strongly over-coupled, i.e. Q0  Qc. This
is verified in Fig. 1(b,c) wherein control over an over-coupled
resonator’s ω0 can provide sharp variations in the phase of
its transmitted field while maintaining minimal variations in
its amplitude, thereby allowing such structures to be used as
phase shifters. When Q0  Qc, the phase of Eq. (1) can be
approximated as
φ ≈ −2 tan−1
(
2Qc(ω − ω0)
ω0
)
, (2)
which clearly shows how phase varies with the resonant fre-
quency that can be shifted by altering the resonator refractive
index. Here, we use the thermo-optic effect in silicon to pro-
duce these variations by means of the resistive heater placed
over the resonator.
The nanoantenna emitter shown in Fig. 1(a) features a stan-
dard antenna design [2, 21] that was optimized to achieve a
large field of view as well as a large upward radiation effi-
ciency. Fig. 1(d) shows the simulated far-field radiation pat-
tern of the antenna (see the supplementary material for more
details concerning the nanoantenna structure [21]).
METHODS
Device and Apparatus
We implement a 1x8 PIC phased array with the array unit
cell outlined in Fig. 1(a) on a silicon photonic platform. Grat-
ing couplers are used to couple infrared light into the chip via
an optical fiber. Fig. 2(a) shows a micrograph of the device’s
active regions. We use compact and low loss splitters [22]
to branch out laser power to the nanoantennas. The device is
fabricated on a silicon-on-insulator wafer with a Si thickness
of 220 nm on a 2 µm SiO2 BOX layer. Using two steps of
deep UV (248 nm) lithography and plasma etching, we de-
fine the photonic device layer components including waveg-
uides, resonators, nanoantenna elements, and grating cou-
plers. Fig. 2(b) shows an SEM image of the unit cell with
the resonator phase shifter and nanoantenna before cladding it
with SiO2. As shown in Fig. 2(c), the ring resonators with an
external radius of 2.75 µm and a width of 1.15 µm are coupled
to a waveguide with a pulley scheme [23] to provide strong
over coupling. In the coupling region, the waveguide width is
tapered down from 470 nm to 350 nm for better phase match-
ing between the resonator mode and the waveguide mode. The
gap between the waveguide and resonator is 240 nm. Since the
minimum achievable waveguide-resonator gap for this fabri-
cation was 240 nm, we used a relatively large pulley coupling
angle to compensate for the weak waveguide-resonator mode
overlap. The final device is cladded with 1.5 µm SiO2 fol-
lowed by the deposition of nichrome microheaters and gold
contacts.
For the experiment, a micro-probe laid on gold pads on the
chip is used to apply voltage to the resistive heaters of the
resonators. We then characterize the performance of the de-
vice with a flexible imaging apparatus, shown in Fig. 2(d),
which can interchangeably measure both the near- and the
far-field of the phased array. Namely, the light emitted by
the nanoantenna elements of the array is collected with a 20x
3FIG. 2. Chip layout and experimental apparatus. (a) Optical
micrograph of a 1x8 phased-array with resonator phase shifters dis-
played in false colors where the device “unit cell” is framed. (b) SEM
image of the device’s unit cell and (c) its over-coupled resonator. (d)
Experimental apparatus with two switchable configurations for near-
field and far-field imaging used to characterize the fabricated phased-
arrays. Figure legend: PIC: photonic integrated circuit, f1: objective
lens, f2: removable lens, f3: imaging lens, CCD: charge-coupled de-
vice camera.
infinity-corrected microscope objective lens (Edmund Optics,
NA = 0.6). The beam is thereafter focused onto an infrared
CCD camera with a 12.5 cm lens to image the device’s near-
field. An additional 10 cm lens can be inserted into the imag-
ing apparatus with a lens rail to convert the imaging lens into
a 4f system imaging the device’s far-field.
The ring resonator phase shifters designed for the phased
array supports two radial modes (see supplementary mate-
rial [21]). The first order mode shows weak coupling to the
external waveguide while the 2nd order mode shows strong
over coupling. We characterize the Q factor and the reso-
nance wavelengths of these modes through test structure res-
onator devices with input/output fiber coupling and differ-
ent waveguide-resonator coupling strengths fabricated on the
same chip. We measure intrinsic Q’s of ∼19500 and ∼6000
for the 1st order and the 2nd order resonance modes. We use
the 2nd order radial mode of the resonator in the phased ar-
ray for beam steering, as it shows strong overcoupling to the
waveguide.
Phased Array Calibration
Though the resonator phase shifters were designed to be
identical, fabrication imperfections often lead to slight dis-
crepancies in their transmissive properties. The most impor-
tant variations are in the resonant frequency, since the accu-
mulated phase shift is most sensitive near this frequency. To
align the resonances of the phase shifters, we apply a fixed
bias voltage to their corresponding heaters. Once these volt-
ages are applied, we employ a genetic algorithm to find the
voltage values that optimize the amount of light steered to a
given position on the camera [13]. These new voltages are
then saved into a look-up table to be accessed in later experi-
ments involving beam-steering.
We employ two methods based on near-field and far-field
imaging to characterize the spectrum of the resonator phase
shifters. The near-field method is initially used to learn the
location of the resonance wavelengths, the resonance trans-
mission extinction, and to perform a coarse alignment of the
resonances. Though our near-field method is primarily appli-
cable to resonances with observable extinction in their spec-
trum, the alignment of these resonances automatically align
the other resonances including the strongly overcoupled ones.
The far-field method is then used for the fine alignment of the
strongly overcoupled resonance modes which are the modes
of interest, and by nature have weak resonance extinction.
The near-field method involves performing a wavelength
sweep in which near-field images of the phased array out-
put are collected by an IR camera. By reading the camera
pixel intensities corresponding to individual nanoantennas at a
given wavelength, we find the spectrum of the resonator phase
shifter corresponding to each nanoantenna (see supplementary
material for more details [21]). Figure 3(a) shows a represen-
tative spectrum of what we expect to achieve from such a mea-
surement, and Fig. 3(b) shows the measured spectrum of each
resonator phase shifter in the array. As seen from this figure,
though the near-field method is able to find the resonance at-
tributed to the first order resonance mode, it cannot reliably lo-
cate and characterize the features of the 2nd order mode which
is strongly over-coupled and exhibits minute transmitted in-
tensity variations across its resonance. Nevertheless, by using
this method to align the 1st order modes that have a noticeable
extinction, the 2nd order mode becomes coarsely aligned.
To overcome the limitations of the near-field method for
the characterization and calibration of strongly overcoupled
resonances, we introduce a far-field method that consists of
monitoring the far-field image of the phased array whilst tun-
ing the resonances of the phase shifters. The far-field method
is primarily useful for overcoupled resonance modes that pro-
vide a large phase shift, and therefore a noticeable beam dis-
placement in the far field. For a given wavelength, we mon-
itor the dissimilarity between far-field images obtained when
non-zero and zero bias voltages are applied to a single res-
onator phase shifter in the array. To quantify this dissimilarity,
we calculate the squared differential far-field intensity (SDFI)
integrated over the image plane for these two voltages, i.e.∫
(I2(V, λ) − I1(0, λ))2 dx dy, wherein I2 and I1 are the far-field
image intensity patterns for applied bias voltages of V and 0,
respectively. If the wavelength is close to resonance, larger
phase shifts are expected to occur for a given applied volt-
age, thereby leading to far-field fringe displacements, hence
a larger SDFI which allows to identify the resonance wave-
length.
When the array is periodic, one can obtain the following
analytical expression for the SDFI spectrum corresponding to
each resonator phase shifter in the array (see supplementary
4FIG. 3. Resonator phase shifter characterization for the phased
array. (a) A representative resonator spectra based on Eq. (1) ex-
pected from our resonator phase shifter, when using our near-field
method. The first order mode is weakly coupled, and the 2nd order
mode is strongly over-coupled, which is the case of interest . (b)
Near-field measured spectrum of each resonator phase shifter in the
phased array. The resonances are already aligned through an applied
bias voltage to the heaters while monitoring the 1st order resonance
which has an observable extinction. (c) Representative SDFI spec-
trum of a resonator phase shifter based on Eq. (3) in the phased array
for different resonance shifts. (d) Measured SDFI spectrum of each
resonator phase shifter in the array from Fig. 2(a). The insets show
the extracted Qc of the resonators via theoretical fitting of Eq. (3).
material [21] for its derivation):
SDFIn(λ) = 16 sin2
(
∆φ(λ)
2
) [
(N − 1) sin2
(
∆φ(λ)
2
)
+
∣∣∣∣∣2n − N − 12
∣∣∣∣∣ cos (∆φ(λ))] (3)
where N is the total number of radiating nanoantenna ele-
ments in the array, n is the index position of the considered
antenna and its corresponding phase shifter, and ∆φ(λ) is the
phase shift obtained from applying a non-zero bias voltage V
to the nth resonator phase shifter, as expected from Eq. (2).
The collected SDFI spectrum also allows for the extraction of
the resonator properties by fitting it to Eq. (3).
Figure 3(c) shows representative SDFI spectra of a res-
onator phase shifter in the phased array obtained from Eq. (3)
for various resonance shifts (∆λ) affecting ∆φ as according
to Eqs. (1,2). For these plots, we consider a resonator mode
with Q0 and Qc values similar to what is expected in the 2nd
order resonance mode of our fabricated device, i.e., values at-
tributed to strong overcoupling with a resonance wavelength
near 1553 nm. As seen from Fig. 3(c), depending on the scale
of the resonance shift ∆λ, different SDFI spectral profiles are
observed. Figure 3(d) shows the measured SDFI spectrum of
each resonator phase shifter in the array, when two bias volt-
ages of 0.2V and 0V are applied to each phase shifter, individ-
ually. The results match well with the predicted spectral pro-
files shown in Fig. 3(c). The acquired SDFI spectra can then
be used to extract the coupling quality factor of the resonator
shifters given that it dominates the line-shape of strongly over-
coupled resonators, i.e., for Q0  Qc, Q−1L ≈ Q−1c . Fits of the
measured SDFI spectra to Eq. (3) and their corresponding Qc
values are displayed in Fig. 3(d).
RESULTS
We proceed by applying the calibration method described
in the previous section on the PIC phased array device shown
in Fig. 2. We first find the location of the resonance wave-
lengths using the test structures described in Fig. 8 [21] as
well as through the near-field characterization of the reso-
nances in the phased array. With this information, we send
laser light to the phased array with a wavelength near the ex-
pected resonance of the strongly overcoupled mode. The re-
sulting far-field pattern of the array is then optimized to dis-
play high contrast features over a period determined by that of
the nanoantennas’ radiated field. These features are obtained
for the optical wavelength to which the device resonance were
calibrated, which in this case, consists of 1553 nm. The de-
vice’s measured near-field is shown in Fig. 4(a) and its cor-
responding far-field fringe pattern can be found in Fig. 4(b)
which shows a fringe period of 4.5o as determined by the array
pitch period of 20 µm. Though this work focuses on periodi-
cally arranged unit cells producing periodically spaced fringes
in the far-field, a random sparse array with a larger quantity of
widely spaced radiating elements with respect to the unit cell
size can produce a single lobe in the far-field [13, 24, 25]. As
displayed in Fig. 4(c), averaging the far-field pattern along the
y direction reveals that its main features have an extinction
ratio of around 9.6 dB. For reference, we display the corre-
sponding far-field pattern expected from theory in Fig. 4(d),
which was obtained from the nano-antenna far-field pattern
and the periodicity of the device unit cells.
As illustrated in Fig. 5(a), the calibration procedure can be
conducted to laterally shift this optimized far-field fringe pat-
tern. With this method, we are able to steer the far-field pat-
tern over one fringe period, i.e. 4.5o. An intensity plot of the
steered beam cross-section is shown in Fig. 5(b). Ignoring the
voltage required to align each of the resonators’ resonances,
0.2 V had to be applied to each heater on average to properly
steer the beam while maintaining a decent amount of contrast
between the pattern’s main peaks and its side-lobes. These
offsetted voltage values are displayed in Fig. 5(c). Given that
each of the device’s heaters have a resistance of approximately
100 Ω, then roughly 0.4 mW per channel is required to operate
the device.
5FIG. 4. Near-field and optimized far-field patterns of a 1x8
phased array with resonator phase shifters shown in Fig. 2(a).
(a) Near-field pattern of the phased array. (b) Far-field pattern of
the phased-array optimized to have strong contrast between central
peaks and their side-lobes. (c) Far-field pattern averaged along the y
direction. (d) Corresponding far-field pattern expected from theory.
FIG. 5. Beam steering with a 1x8 PIC phased array with res-
onator phase shifters. (a) Beam-steering of the pattern shown in
Fig. 4 to three different positions. (b) Continuous beam-steering of
the pattern shown in (a) achieved through the use of 36 different volt-
age configurations applied to the device’s heaters. (c) Employed volt-
age values shifted with respect to the calibrating voltage used to shift
the device resonances. ± 0.2 V regions are shown as red dotted lines.
DISCUSSION
Though in this work we used microheaters for thermo-optic
tuning of resonator phase shifters, a more efficient alternative
approach could involve charge injection phase shifters inte-
grated with microresonators that can consume a much lower
power [19]. The resonators fabricated in our devices were
prone to fabrication errors and did not show identical reso-
nances, and therefore required further tuning and static mi-
croheater power consumption to align the resonance wave-
lengths. For a range of devices tested in this work the static
power consumption applied to phase shifters had a statistical
distribution within the range of 0.1-3.6 mW. A better fabri-
cation of these resonators in a trusted commercial foundry
will provide more identical resonances and hence will dra-
matically reduce the static power consumption to align the
resonators. For these devices we used the second order res-
onance modes of the resonator for the phase shifter, because it
could provide a larger waveguide-resonator coupling strength
for a waveguide-resonator gap of 240 nm limited by the res-
olution of our lithographic process. With higher resolution
lithography and smaller waveguide-resonator gaps, one can
use the first order resonance mode which has a higher Q, and
design it in the strongly overcoupled regime with a smaller
resonance linewidth, thereby allowing it to consume a lower
amount of electric power for phase shifting.
While in this work we demonstrated a one dimensional
phased array, our concept can be extended to two dimensional
arrays as well. A two dimensional (2D) phased array with
an optimally randomized sparse placement of unit cells and
appropriate phases can localize the beam in the far field with
minimal side-lobes and enable a much larger steering range
even if the array unit cell spacing is quite large with respect
to the operation wavelength. Random sparse arrays of scat-
terers for field localization which date back to radar [26, 27]
and condensed matter physics [28], have also been recently
demonstrated in PIC phased array configurations [24, 25] and
other optically random media [29]. Another challenge is the
electric wiring of the resonator phase shifters within the 2D ar-
ray which can be addressed by three dimensional integration
of photonics and electronics.
CONCLUSION
In this work, we have demonstrated PIC phased array beam
steering using ultra compact and low power silicon resonator
phase shifters. We demonstrated a 1x8 phased array with an
array unit cell size as small as 15 x 20 µm2 that includes a
phase shifter with a power consumption as small as 0.4 mW
for pi phase shifts. The compactness of the resonator phase
shifter and the nanoantenna allows for the design of a com-
pact and low power unit cell for phased arrays and provides
a viable path for efficient and scalable 2D beam steering.
We introduced new methods for the calibration of the res-
onator phase shifters in the array based on near-field and
6far-field information. More specifically, we developed a far-
field analytical model for the spectral characterization of the
strongly overcoupled resonator phase shifters in the array and
used the model for the resonator characterization and the ar-
ray calibration. Though we used thermo-optic tuning for the
resonator phase shifters, employing charge injection phase
shifters within the resonators and 3D integration of the PIC
devices and electronics can enable even lower power an larger
scale 2D beam steering platforms.
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7SUPPLEMENTARY MATERIAL
Resonator Modes
The microring resonator phase shifter used in this work has
an external radius of 2.75 micron, a thickness of 220 nm, and
a ring width of 1.15 micron. We employed the transverse elec-
tric (TE) resonance mode of the resonator for our design as it
can be supported with a more compact resonator geometry. A
finite element method is employed to find the resonance opti-
cal modes of the device. Figure 6 shows the 1st and the 2nd
order radial TE mode profiles supported by the resonator. We
use the 2nd order mode for the phase shifter operation due to
its strongly over coupling to the external waveguide.
FIG. 6. Transverse modes supported by the ring resonator.
Resonator Spectra and its Coupling Strength to a Waveguide
An efficient resonator phase shifter used in the phased array
needs to be strongly overcoupled with weak extinction to min-
imize amplitude distortion. Hence, initially identifying and
locating such a resonance from the background spectrum can
be difficult. To simplify the resonance wavelength search as
well as the systematic characterization of the resonator cou-
pling strength to an external pulley waveguide, we fabricated
a series of test structures adjacent to the PIC phased array de-
vice. Each test structure, shown in Fig. 7, consists of a res-
onator coupled to an external waveguide with a coupling gap
of 240 nm and different pulley coupling angles, along with
two grating couplers at both ends for input and output cou-
pling to an optical fiber.
The spectra of these resonators for different pulley coupling
angles are provided in Fig. 8. The first order resonances of the
device are observed to be near 1535 nm and exhibit an exces-
sive amount of extinction, thereby preventing their usefulness
in our phased arrays. However, the 2nd order resonances ob-
served near 1549 nm have a sufficiently low extinction ratio.
For the 2nd order mode, we observe that resonators with a pul-
ley coupling length of 60o appear to be under-coupled, 90o are
closer to being critically coupled, and that devices with a 120o
coupling are over-coupled. For this reason, resonators with
120o pulley coupling length, also shown in Fig. 7(b), were
chosen as the phase-shifting PIC component of our phased ar-
rays. From the measured spectra in Fig. S3, the intrinsic Q’s
of the 1st order and the 2nd order resonance modes are found
to be ∼19500 and ∼6000, respectively.
FIG. 7. Test structure micrographs. (a) Test structures with input
and output grating couplers, and resonators with a radius of 2.75 µm
and pulley coupling angles of 60o (4), 90o (5), and 120o (6). (b)
Zoomed-in version of (a) focusing on the resonator employed as the
phase shifter in the PIC phased array in the main text. The measured
insertion loss of the grating couplers is 6-8 dB
FIG. 8. Transmission spectra of the ring resonators in the test
structures shown in Fig. 7. (a) Spectrum of a resonator with
60o pulley coupling featuring its first and second order modes at
1539.4 nm and 1550.8 nm, respectively. (b) Region of the resonator
spectrum focusing on the second order mode for the cases of 60o
(under-coupled), 90o (close to critically coupled), and 120o (over-
coupled) pulley coupling.
Characterizing the resonator test devices in Fig. 7 and lo-
cating the resonance wavelength and its spectrum as shown in
Fig. 8 help us with narrowing down the wavelength sweeping
range for the actual resonator farfield characterization in the
phased array. For example by looking at Fig. 8, we learn that
the strongly overcoupled 2nd order resonance mode is near
1550 nm, thereby we use this wavelength zone in the farfield
resonator characterization.
Nanoantenna Design
We employ a similar nanoantenna design used in [2, 30]
as the radiating elements of our PIC phased array. As illus-
trated in Fig. 9(a), the design features a 4 µm taper connecting
the PIC 470 nm wide silicon waveguide to the 2 µm wide an-
8FIG. 9. Antenna design employed in the phased array. (a) Three-
dimensional layout of the antenna. A 470 nm wide silicon on oxide
waveguide tapers out over a distance of 4 µm into the radiating com-
ponent of the structure. (b) Two-dimensional cross-section of (a)
highlighting the device structure where t1 =1.5 µm and t2 =2 µm. (c)
Zoomed-in version of (b) featuring the finer features of the antenna
where t3 =140 nm, t4 =220 nm, S 1 =550 nm, S 2 =750 nm, S 3 =180
nm, S 4 =550 nm, S 5 =180 nm, S 6 =650 nm, and S 7 =180 nm. (d)
Emission efficiency of the antenna as a function of the width of its
grating teeth. (e) Simulated far-field emission profile of the antenna.
tenna. Fig. 9(b) illustrates a cross-section of the structure and
highlights that it is buried between two thick layers of oxide.
Fig. 9(c) displays some of the finer features of the antenna
in the grating region of the device. Finite-difference time-
domain (FDTD) simulations were used to find the dimensions
of the nanoantenna to enhance its emission efficiency and field
of view. Based on the simulated results shown in Fig. 9(d)
of radiation efficiency versus the antenna grating tooth width,
we used a 180 nm tooth width in our structure. The simulated
far-field radiation pattern of the final nanoantenna design is
displayed in Fig. 9(e) and can also be found in the main text.
Near-field imaging resonator characterization
In order to accelerate the process of finding our phase
shifter resonances, which is required for our device’s calibra-
tion, we employ an image-based resonance characterization
method. The latter consists of taking a sequence of images
of the phased array near-field while sweeping over the opti-
cal wavelength used in our experiment. The collected images
are then averaged and pixels at which an average intensity ex-
ceeds a given threshold are identified. These pixels are then
FIG. 10. Extraction of the resonator transmission spectra from
near-field images. (a) Raw (top) and threshold-ed (bottom) versions
of the near-field images of the light emitted from the phased-array.
A threshold value of 0.1 was employed in the illustrated results. (b)
Bins attributed to each nano-antenna obtained from the threshold-ed
image in (a). (c) Resonator transmission spectra obtained based on
the bin assignment shown in (b). The spectra are colored based on
their bin assignment.
clustered in bins based on their spatial proximity such that
each bin corresponds to the near-field emitted by one of the
phased array nanoantennas. These bins are then used to ex-
tract the total intensity of the field emitted by each antenna for
all images collected during the wavelength sweep. The result-
ing data is then employed to reconstruct the emission spec-
trum of the device’s resonator phase shifters. Sample results
attributed to the steps taken in this approach can be found in
Fig. 10.
Far-field imaging resonator characterization
As mentioned in the main text, we can characterize the res-
onance of each array radiating element by performing a wave-
length sweep of the array’s far-field. The swept quantity con-
sists of the mean square difference between images where a
center, V0, and a shifted voltage, V0 + δV , are applied onto the
considered resonator, which can be mathematically expressed
as
f (λ) =
∑
i, j
(Ii, j(V = V0, λ) − Ii, j(V = V0 + δV, λ))2, (4)
9where λ is the considered wavelength, I denotes a collected
image, the i, j indices respectively indicate the image pixel
coordinates, V consists of the applied voltage, and V0 and V0 +
δV are the center and shifted voltages applied to the device,
respectively. Hereafter along with in the main text, we refer
to f (λ) as the squared differential far-field intensity (SDFI).
For a periodic phased array, one can model f (λ) through
the use of Fourier optics [31]. Namely, the far-field diffrac-
tion pattern of the phased array is expected to correspond to
the result of the Fraunhoffer diffraction integral of the phased
array’s near field. For individual radiating elements defined
by a near-field pattern u0(x, y, z), assuming that the elements
are arranged along the x direction and emitting along the z
direction, then the far-field diffraction pattern of the phased
array is given by
u(x, y, z) ∝ U0
(
kx
z
,
ky
z
)
A(x, z), (5)
where U0 is the Fourier transform of u0, k is the radiation
wavevector, and A(x, z) is the array factor. When all elements
are radiating in phase and are arranged periodically, this factor
is given by:
A(x, z) =
N−1∑
m=0
exp ( jmkΛx/z), (6)
where N is the number of emitting elements and Λ is the pe-
riodicity of the array.
Consider the case where the nth element of the array has a
phase offsetted by ∆φ due to a voltage applied to the device’s
heater. The array factor then becomes
A(α = kΛx/z,∆φ) =
N−1∑
m=0
exp ( j mα + δmn∆φ)
=
n−2∑
m=0
e j mα + e j (n−1)α+∆φ + e jnα
N−n−1∑
m=0
e j mα
=
1 − e j(n−1)α
1 − e jα + e
j (n−1)α+∆φ +
e jnα − e jNα
1 − e jα ,
(7)
where δmn is the Kronecker delta function. We therefore ex-
pect the far-field intensity pattern formed by such a phased
array to be given by
I(x, y, z,∆φ) ∝
∣∣∣∣∣U0( αΛ , kyz )
∣∣∣∣∣2 |A(α,∆φ)|2 , (8)
hence, following a few algebraic maneuvers, the difference
between the two considered intensity patterns should be given
by
I(x, y, z,∆Φ) − I(x, y, z, 0) ∝ |A(α,∆φ)|2 − |A(α, 0)|2
=
4 sin (∆φ/2)
sin (α/2)
[
sin
(
α
2
)
sin
(
∆φ
2
)
− sin
(Nα
2
)
sin
(
∆φ − (N + 1 − 2n)α
2
)] (9)
To obtain the SDFI spectrum given in Eq. (4), the above ex-
pression must be squared and summed over all positions. In
our case, the features of our far-field attributed to the array
factor are much finer than those related to the far-field pattern
of an individual antenna. For this reason, one may approxi-
mate the summation over all positions as an average over the
α variable. The periodicity of the array factor ensures that
this average can be taken from −pi to +pi. Taking this average
yields the expression provided below
f (λ) = 4 sin2 (∆φ(λ)/2) [2|N | + (2|1 + N − 2n|
− |1 + 2N − 2n| − |1 − 2n|) cos (∆φ(λ))
+ 4(1 − |1 + N − n| − |n| + |n − N |
+ 2|1 − n|) sin2 (∆φ(λ)/2)].
(10)
The above expression can then be simplified by recalling that
N > 0 and that 1 ≤ n ≤ N. Upon such consideration, f (λ) can
be more compactly written as
f (λ) = 16 sin2
(
∆φ(λ)
2
) [
(N − 1) sin2
(
∆φ(λ)
2
)
+
∣∣∣∣∣2n − N − 12
∣∣∣∣∣ cos (∆φ(λ))] . (11)
Note that from symmetry, f (λ) remains the same regardless of
from which side of the array n is labeled. Plots of the SDFI in
frequency space, f (ω), attributed to shifting the resonances of
various heaters in a 1x8 phased array can be found in Fig. 11.
As expected, the largest changes in the far-field spectra occur
for wavelengths that experience a pi phase shift upon shifting
FIG. 11. Modeled SDFI spectral response of a phased array to
resonance shifts in a single resonator (a) Modeled SDFI spectrum
f (ω) attributed to various resonance shifts δω applied to the first to
the fourth emitting elements in the phased array. (b) Corresponding
phase transmission spectra of the resonator for shifted (ω′0 = ω0) and
non-shifted (ω′0 = ω0+δω) resonant wavelengths, where wavelengths
experiencing a pi phase shift upon the resonance shift are labeled.
Resonant frequency shifts δω are expressed in terms of the full-width
half-maximum of the resonator’s transmission spectrum, which, for
over-coupled resonators, consists of FWHM = ω0/Qc. Note that
from both symmetry and Eq. (11), we expect curves associated with
n and N − 1 − n to be identical.
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the resonance of the device phase shifters. Our modeled f (ω)
accurately reproduces a simulated version of it taking into ac-
count the conditions of our experiment provided that the phase
shifters whose phases are not varied while the examined phase
shifter shifts its resonance, regardless of whether all phase
shifters emit in phase. However, as illustrated in Fig. 12, noise
begins to affect f (ω) when fluctuations in the transmission of
the other phase shifters occur while the resonance of the ex-
amined radiating element is shifted. Such fluctuations can be
attributed to environmental perturbations in our apparatus and
are also observed in our experimental curves as shown in the
main text.
FIG. 12. Simulated SDFI spectral response of a phased array un-
der the presence of environmental perturbations. The simulated
far-field response accounts for variations in the transmissive proper-
ties of other resonators while shifting the resonance of the examined
1st resonator in the phased array by δω = FWHM. The plotted curves
are attributed to applied random phase noise of varying amplitude to
the device phase shifters.
